Objective: We aimed to study the networks' mechanism of metabolic covariance networks in mesial temporal lobe epilepsy (mTLE), through examining the brain value of fluorine-18-fluorodeoxyglucose positron emission tomography ( 18 F-FDG-PET).
| INTRODUC TI ON
Mesial temporal lobe epilepsy (mTLE) is the most common intractable epilepsy in adults, which is characterized by focal hippocampal sclerosis and regional cortical dysplasia of mesial temporal structures. 1 However, increasing studies have found that mTLE was not only confined to hippocampal sclerosis or mesial temporal structures, but that its propagation may also be involved in extra-hippocampal regions such as the limbic system, thalamus, frontal, and motor regions. [2] [3] [4] Furthermore, a growing body of evidence points to the fact that mTLE is not a focal but rather a network disease, which is characterized by abnormal epileptic networks between hippocampal sclerosis or mesial temporal structures and extra-hippocampal epileptic-related regions. Moreover, compared to the disrupted connectivity of the ipsilateral mesio-temporal lobe with the epileptic zone, the contralateral hemisphere always shows a compensatory reorganization and striking reconfigurations of large-scale networks. 2, 5, 6 Thus, investigation of the networks' property of hippocampal and extra-hippocampal regions is crucial for understanding the concept of the epileptic network and the associated brain damage effects and is also critical for clinical medical treatment or presurgical evaluation of mTLE.
The introduction of graph theoretical methods in brain imaging offers a formal framework to quantify topological and organizational properties of complex interconnected networks. 7, 8 Recently, based on graph theory, a large amount of network analyses of mTLE have been performed; all of which have demonstrated that networks' abnormalities in TLE are not restricted to the pathological hippocampus, but encompass widespread brain networks. 9, 10 However, to date, only a few studies utilizing metabolic data to explore connectivity on a network level have been published. 6 In the current study, we performed a networks' analysis using clinical FDG-PET data, in which, in accordance with Horwitz 11 and Biswal, 12,13 a covariant method is adopted to construct covariance networks across subjects.
The aim of this exploratory study was to detect abnormal brain metabolic connectivity and topological properties in an epileptic population using 18 F-FDG-PET metabolic covariant networks and then integrate these data with graph theory analysis methods. First, we hypothesized that epileptic patients would exhibit regionally and globally disrupted functional connectivity patterns and topological properties, compared with healthy controls. Second, to test this hypothesis, 18 F-FDG-PET metabolic covariant networks were constructed, after which global and hippocampal-associated regional and topology properties were evaluated using a graph theory dominantly combined approach to study epilepsy-related disrupted networks.
| MATERIAL S AND ME THODS

| Patients
From June 2014 to June 2015, we retrospectively reviewed 35 cases of medically intractable epilepsy examined by video-EEG, structural MRI, and 18 F-FDG-PET at Tiantan hospital Epilepsy Center, which had been reported in the previous publications. 14 mTLE was diag- 18 F-FDG-PET image data were analyzed voxel-by-voxel using SPM12 using MATLAB 2015b (MathWorks Inc, Natick, MA, USA) as previously described. 14 Briefly, PET images were coregistered with an SPM-T1-weighted MR template reference to optimize PET image analysis as reported previously. 15 Coregistered PET images were then spatially normalized into a common Montreal Neurological Institute (MNI) atlas. Subsequently, PET image values were normalized to the average brain uptake and scaled to a mean value of 50 mL/dL/min by "proportional scaling" to reduce individual variation. Afterward, PET images of the left mTLE had to be left-right flipped for further data analyses to ensure a homogeneous group with all patients having the seizure focus on the same side.
| 18 F-FDG-PET whole metabolic pattern analysis (WMPA)
A two-sample t test implemented in SPM12, based on the specified contrasts (hypometabolism in patients), was applied to map the epileptic metabolic pattern in mTLE patients compared with healthy controls.
The significance level was set at P < 0.05, FDR corrected.
| Hippocampal-based metabolic covariance network (h-MCN) analysis
We constructed h-MCNs by seeding the hippocampus as the epileptogenic focus point, which were selected from the significant hippocampus regions (36 voxels) that showed significant metabolic uptake reduction in the WMPA (FDR corrected, threshold of P < 0.05). The averaged signal was used as a regressor in the general linear model in SPM12 to produce h-MCN T maps (P < 0.05).
Subsequently, a multiregression model-based linear interaction analysis 16 was used to detect h-MCN alterations of patients relative to healthy controls (P < 0.001).
| Network construction
After the preprocessing procedure, normalized glucose uptake values from the processed images were extracted for 90 regions of interest using an AAL90-based atlas. 17 The interregional cor- 
| Graph theoretical whole brain (w)-MCN analysis
In the current study, we chose commonly used global network metrics, such as small-world, assortativity, hierarchy, efficiency, and synchronization, which measure the global networks' property, and the relative stable nodal network metrics, which is degree centrality and nodal efficiency, as local network metrics. To eliminate the confounding factors from networks' density, we adopted sparsity thresholding procedures and the 90 × 90 correlation matrix, which were further converted into binary networks via sparsity thresholding (range 0.05-0.5 with an interval of 0.02). All these data analysis procedures were detailed in previous study. 
| Edge-based connectivity analysis (EBCA)
In addition, in order to figure out the topological structure properties of epileptic-related networks, we also performed network EBCA including hippocampal-associated EBCA (h-EBCA) and whole brainassociated EBCA (w-EBCA) separately. Briefly, partial correlation coefficients obtained above were further converted into z values using
Fisher's r-to-z transform. Two-sample t tests were used to compare these transformed z values to determine the significant different connectivity, with a Bonferroni multiple comparison correction of P value at 0.05.
| Data validation
All the graph-based network metrics were validated by a bootstrap approach in the present study, which relied on random sampling with replacement in statistics, which guaranteed each resample had the same size as the original sample. 19 Here, we estimated the 95% confidence intervals (CI) of network metrics using 100 random bootstrap simulations.
| Statistical analysis
Demographic and clinical data analyses were performed using SPSS 
| RE SULTS
| Demographic results
mTLE patients were significantly younger than healthy controls as analyzed by Mann-Whitney U tests (P = 0.0004). Chi-square tests between the two groups revealed that significantly fewer females were included in the patient group than in the normal control group (χ 2 = 6.74, P = 0.009).
| 18 F-FDG-PET whole metabolic pattern differences
Compared with healthy controls, mTLE patients showed an overall reduction in glucose metabolism in several areas including the following: the mesial and lateral temporal regions; the temporal pole; the hippocampus; and para-hippocampal regions. (Figure 1 , Table 1 ). Compared with hypometabolism areas, hypermetabolism areas mainly involved the left side (the contralateral side), including mesial and lateral temporal regions; anterior frontal regions; and the anterior cingulate cortex. Furthermore, typical hypometabolism ipsilateral to the epileptic zones was mainly distributed in the right hemisphere, while hypermetabolism was mainly distributed in the contralateral hemisphere. Interestingly, these two metabolic patterns were left-right symmetrical in space.
| h-MCN versus normal controls
Compared with healthy controls, mTLE patients showed a weak connection or disconnection between both hemispheres, whereas significant decreased synchronization was present in the contralateral lateral temporal cortex, hippocampus, and anterior cingulate cortex ( Figure 2 , P < 0.01, FDR correction).
| Graph theoretical w-MCN analysis properties
| Small-world model
A small-world network is characterized by a short characteristic path length between individual regions and a high degree of clustering, 20 with both high global and local efficiency. In the current study, as shown in Figure 3A , the clustering coefficient (Cp) increased as the sparsity threshold increased in both groups, whereas the mTLE group showed a larger value than the healthy controls. In addition, the between-group differences were significant (P < 0.05, Bonferroni method corrected) with a wide range of sparsity of 17%-43%, while the network density of 17% represented the lowest density threshold that guaranteed that all anatomical regions in mTLE patients and controls were included in the networks (ie, any pair of nodes is connected through a series of edges). However, the characteristic path length (Lp) ( Figure 3B ) decreased as the correlation threshold increased in both groups, whereas the mTLE group showed a larger value than the healthy controls; again, the betweengroup differences were significant with a wide range of sparsity of 19%-49%. At a wide range of sparsity, both networks had lambda (λ) ~ 1 and gamma (γ) > 1 which implied prominent small-world properties ( Figure 3C ). Note that, as the values of sparsity thresholds increased, the γ values decreased rapidly, but the λ values only changed slightly. Nevertheless, the mTLE group showed a larger value than the healthy controls, and the between-group differences were significant with a wide range of sparsity of 17%-49% for both.
The Sigma (σ) ( Figure 3D ) decreased as the sparsity threshold (relative to the lowest threshold 17%) increased in both groups, whereas the mTLE group showed a larger value than the healthy, and the between-group differences were significant with a wide range of sparsity of 23%-49%.
These results imply that the small-world parameters were significantly altered in the MCNs of mTLE patients. Although both groups showed a preserved small-world property, as indicated by λ ~ 1, the mTLE patients demonstrated an increased small-world property with higher σ and γ values compared with controls. In detail, the epileptic small-world model showed an enhanced local connection with increased Cp and a decreased long-range connectivity, which was measured by increased Lp. 
| Other metrics
We also used several high-order global brain network properties to explore the mTLE-related alterations in brain connectivity. Betweengroup differences were assessed using areas under the network properties curves. mTLE patients demonstrated significantly smaller areas under the hierarchy (P < 0.001; Figure 3F ), global efficiency (P < 0.001; Figure 3G ), and synchronization (P < 0.001; Figure 3H) curves. However, assortativity analysis showed a significantly larger value in mTLE patients than in healthy controls (P < 0.001; Figure 3E ).
Taken together, our findings suggest that propagation of epilepsy affected the information flow across MCNs, not only focally but also globally.
| Nodal properties
To study the regional networks' property, between-group contrast nodal property (N p ) patterns were calculated in areas under curves gyrus, and less frequently in the contralateral lingual gyrus, posterior cingulate gyrus, and calcarine fissure; herein, this may imply an increased regional ipsilateral connection. Furthermore, the reduced pattern of connectivity was confined to the anterior cerebral areas, while the posterior cerebral areas showed increased pattern connectivity.
| w-EBCA
w-EBCA between mTLE patients and healthy controls was per- 
| D ISCUSS I ON
18 F-FDG-PET plays a critical role as standard clinical imaging in intractable epilepsy for presurgical evaluation. In the present study, we aimed to explore brain network properties in mTLE by constructing a metabolic brain covariance network across subjects.
Using a combined strategy of metabolic pattern analysis, graph theoretical networks' analysis, and networks topology analysis methods, including WMPA, h-MCN, w-MCN, and EBCA, we demonstrated mTLE was a system disease with disrupted brain
F I G U R E 2 Patterns of hippocampusassociated metabolic covariance network (h-MCN). A, h-MCN of the healthy controls, B, h-MCN of mTLE. C, Comparison of h-MCN between patients
with mTLE and HCs. Compared to healthy controls, decreased synchronization was presented in contralateral lateral temporal cortex, hippocampus, and anterior cingulate cortex networks, which showed a specific re-organizational model with reduced metabolic connectivity ipsilateral to the epileptic zone and increased contralateral metabolic connectivity. Secondly, compared with increased connectivity, the disrupted networks showed a more decreased connectivity pattern. Thirdly, compared with decreased intrahemisphere connectivity, decreased interhemisphere connectivity may account more for the networks' damaging effects in epilepsy. Furthermore, the above alteration process remodels the global and nodal metrics. In particular, the second and the third findings in our work have rarely been reported and may reveal novel insights into understanding the mechanism of mTLE. Finally, the bootstrap results increased the statistical power and confirmed the validity of our research method.
| Brain metabolism and metabolic brain covariance networks
Clinically, 18 F-FDG-PET hypometabolism in the brain has usually been associated with the occurrence and propagation of epilepsy, while the asymmetric changes in the cortex of the epileptic and nonepileptic hemispheres have been highlighted by convergent studies in mTLE. These studies showed a hypometabolism pattern in the epilepsy ipsilateral hemisphere and a contrast mirror symmetrical hypermetabolism pattern in the contralateral hemisphere, including the hippocampus and extra-hippocampal regions (commonly involving frontal regions, limbic structures, paralimbic cortex, and the thalamus); moreover, hypermetabolism was usually explained F I G U R E 3 Between-group w-MCN-differences in network parameter analysis of the metabolic covariance networks between mTLE patients and HCs. A, Small-world properties of the metabolic covariance networks as a function of sparsity threshold (5%-50%, with a step of 2%). Stars indicate significant between-group differences (P < 0.05, Bonferroni method corrected) at each sparsity value. The line and shading show the mean and 95% confidence interval of between-group differences obtained from 100 random bootstrap simulations at each sparsity value. The dotted line represents the lowest threshold 17% that guaranteed that all anatomical regions in mTLE and controls were included in the networks (ie, any pair of nodes is connected through a series of edges). a, The clustering coefficient (Cp). b, The path length (Lp). c, At a wide range of sparsity, both networks have lambda (λ) ~ 1 and gamma (γ) > 1. d, The Sigma (σ). B, Between-group differences in areas under the network properties curves. The red lines represent the mean values (solid circles) and standard deviations (two ends) of the between-group differences obtained from 100 random bootstrap simulations. The gray color indicates the mTLE patients, and yellow color means HCs. Stars indicate significant between-group differences. e, Violin plot of the assortativity showed a significantly larger value in mTLE patients than HCs, P < 0.00001. f, Hierarchy analysis found a significant smaller value in mTLE patients, P < 0.00001. g, mTLE patients showed a much significant less global efficient than HCs, P < 0.00001. h, Synchronization analysis found a significant smaller value in mTLE patients, P = 0.001
as an adaptive compensatory mechanisms of anti-epilepsy in the nonepileptic hemisphere. erative disorders, such as seed correlation or IRCA, PCA and independent components analysis, sparse inverse covariance estimation, and graph theory. 24 Here, we first adopted a covariance method to construct metabolic networks such as VBM or cortical thickness covariance networks and then used graph theory to parse them. In addition,
we also performed a hippocampal-seed correlation analysis-h-MCN to regionally study the hippocampus's role in mTLE. Finally, bootstrap results confirmed the validity of our research method. Moreover, to the best of our knowledge, the above metabolic networks' study strategy has been rarely reported in previous mTLE studies, and the present study confirmed that the graph theory-based 18 F-FDG-PET metabolic covariance network method was a powerful tool to elucidate the mechanisms of neurological disorders.
| Global and regional properties changes of MCNs in mTLE
The global topology of brain networks in healthy individuals exhibits a small-world organization with higher clustering and shorter Furthermore, previous studies also found that increased path length (ie, decreased long-range connectivity) in TLE patients may indicate F I G U R E 5 Right hippocampus-associated edge-based connectivity analysis (h-EBCA) between mTLE patients and healthy controls (HCs). Compared to the HCs, hippocampus-associated edges which showed significant increased/decreased connectivity were plotted in the left circular graph or the right 3D-rendering brain map. For the right 3D-rendering brain map, the yellow nodes indicate brain regions connected to the hippocampus in AAL. The line color indicates differences in significant T values (P < 0.05, Bonferroni method corrected) showed by the color map. Compared to the increased edge, decreased hippocampus-associated edges were more apparent. A, The decreased hippocampus-associated edges occurred mainly in the ipsilateral hemisphere (right side) relative to the contralateral hemisphere including temporal lobe, anterior frontal lobe, and parietal lobe. Meanwhile, decreased connectivity also involved the contralateral hemisphere, including the left hippocampus, temporal lobe, anterior frontal lobe, parietal lobe, and occipital lobe. B, The increased right hippocampusassociated metabolic connectivity involved both hemispheres, including ipsilateral precuneus, inferior occipital gyrus, lingual gyrus, amygdala, para-hippocampal gyrus, posterior cingulate gyrus, and contralateral lingual gyrus, posterior cingulate gyrus, calcarine fissure, and surrounding cortex decreased global efficiency of information transfer in TLE, and an increase in clustering coefficient may result from the compensatory formation of aberrant local connections in response to a decrease in the number of long-range connection. In addition, this more regularized network has been reported to be more susceptible to targeted attacks and to be associated with poor postsurgical seizure outcome. 36 In line with previous studies, the present study of MCNs'
small-world model also demonstrated a more regularized topology with an increase in clustering coefficient and path length in mTLE.
Furthermore, the results of increased lambda (λ), gamma (γ), and sigma (σ) enhanced our findings.
At the global level, we also calculated other graph theory metrics, such as assortativity, hierarchy, and synchronization, which have rarely been reported previously. Here, according to our results, we can speculate that the recurrence and propagation of seizures firstly destroy the hierarchical relationship of the brain, which results in an unclear management ranking level with a decreased hierarchy value. Secondly, these reconfigurations of brain with increased in aberrant local connections and decreased long-range connections form a more regular network, which reduces global efficiency and synchronization ability. Thirdly, according to Newman, 37 considering small-world networks are preserved in patients, an increased F I G U R E 6 Whole brain edge-based connectivity analysis (w-EBCA) between mTLE patients and healthy controls (HCs). A, Compared to the HCs, brain edges which showed significant changes of brain connectivity were plotted in the circular graph, in which the line color indicates brain regions, and the line width represents the differences in significant T values (P < 0.05, Bonferroni method corrected). a, Whole brain significant edges. b, Significantly increased connectivity. Compared to the ipsilateral hemisphere (right side), the contralateral hemisphere showed a larger change. c, Significantly decreased connectivity. Compared to the intrahemisphere pattern, the significantly decreased edges were mainly distributed between the interhemispheres. B, 3D-rendering brain map of significant changes of brain connectivity: The yellow and orange nodes represent the brain regions of the left and right hemispheres, respectively; the red and blue edges indicate increased and decreased connectivity, respectively. d, Contralateral (left) hemisphere. e, Significantly changed whole brain connectivity pattern. f, Ipsilateral (right) hemisphere. We could vividly see that the interhemisphere pattern played a dominant role in the decreased metabolic connectivity pattern of mTLE patients, and the ipsilateral (right) hemisphere mainly showed an increased pattern assortative value indicates compensatory reorganization of highdegree vertices to associate more with other high-degree vertices, which consist a more robust network to inhibit the propagation of epilepsy and to compensate for some brain regions that were abnormal or did not work.
At the regional level, we calculated degree centrality and nodal efficiency and found that the significant altered nodes were similar to those found in previous studies; they were primarily distributed in the limbic system, DMN networks, and subcortical regions (thalamus and putamen). Interestingly, we found a similar topology pattern between the nodal efficiency pattern, degree centrality, and the WMPA pattern. While there was no 1:1 correspondence between findings in these domains, it clearly indicated an interaction between metabolic connectome and metabolic activity. Moreover, according to the view that high-degree hubs such as the temporal lobe and paralimbic cortices are less robust to attack in mTLE, 31 the present study also demonstrated that the reorganization of these nodes with increased or reduced values was due to the effects of epilepsy. Furthermore, compared with the reduced ipsilateral pattern, the increased contralateral pattern was hypothesized to compensate for damaged structures and impaired networks in the affected hemisphere of mTLE. In addition, the thalamus and posterior regions showed an increased bilateral degree centrality and nodal efficiency, which suggested these regions might play a key and complex role in mTLE. Our work has provided compelling evidence that mTLE is a system disorder with profound alterations in both local and distributed networks.
| Network connectivity disruption in mTLE
At the network connectivity level, h-EBCA, h-MCN, and w-EBCA all indicated a reduced-connectivity dominant disrupted pattern in mTLE, which primarily occurred in interhemisphere connectivity.
From the view of intrahemisphere connectivity, although regionally, h-EBCA demonstrated an increased ipsilateral connectivity; w-EBCA detected an increased metabolic connectivity pattern of the contralateral intrahemisphere and a decreased pattern of the ipsilateral intrahemisphere globally. Since hippocampal sclerosis is the hallmark of mTLE, the local increased connectivity of the hippocampus may be related to epileptic activities and the increased connectivity of nonepileptic regions, especially the contralateral hemisphere, which may be a compensatory effect. The current findings are consistent with VBM studies by Zhang et al, 2 and Bonilhaet et al, 38 and with a study using DIT networks by Otte et al. 35 Importantly, both regional and global patterns were characterized with a specific metabolic connectivity pattern trend of decreased anterior cerebral connectivity and enhanced posterior cerebral connectivity, which is a novel finding.
Until now, the interaction between cerebral metabolism and mTLE networks remained incompletely understood. A metabolicfunctional interaction study demonstrated that hypermetabolism may correlate closely increased connectivity. 39 Chassoux et al 40 suggested hypermetabolism may reflect an inhibitory effect on seizure spread, since contralateral mesial temporal hypermetabolism may limit the spread of ictal discharges from the affected side to the nonaffected side. In contrast, an fMRI study indicated that increased connectivity may refer to a facilitated pathway of propagation, which may colocalize with hypometabolic areas interictally with long-lasting alterations. 41 In the current study, we found an ipsilateral hypometabolic pattern and a contralateral hypermetabolic pattern in mTLE, and accordingly, the metabolic connectivity of the ipsilateral intrahemisphere was reduced, and the metabolic connectivity of contralateral intrahemisphere was increased. Herein, our findings provide compelling evidence that hypometabolism indicates a reduced metabolic connectivity and hypermetabolism represents an increased metabolic connectivity. In addition, given that focal seizure activity is known to generate a surround inhibition, limiting the spread of ictal discharges, increased connectivity may indicate an inhibitory effect, while decreased connectivity may represent failure of inhibitory effect. 39 In the present study, local increased connectivity in h-EBCA may indicate a focal inhibition effect of the epileptic discharges from the hippocampus. Hypermetabolism or increased connectivity also reflects compensatory mechanisms for the disrupted networks in mTLE.
| Limitations and further considerations
There are several limitations in the present study. Firstly, the limited number of mTLE patients could have reduced the statistical power of the data. However, here we performed bootstrap approach. The boundaries of the bootstrap were 95% confidence intervals of network parameters and showed high reproducibility of the metabolic covariance networks' metrics. Secondly, there were significant differences in both the gender and age between patients and healthy controls. To limit this possible confounding effect, we regressed out both gender and age as nuisance covariates as in previous studies, as this is a well-known approach to control for such factors. Finally, as this was a cross-sectional study and the interregional covariance was not a time series as fMRI or dynamic (longitudinal) PET studies, in the future, multimodal imaging research combining fMRI, DTI, and dynamic PET should be performed to uncover the metabolic-functional interaction in mTLE.
| CON CLUS IONS
In summary, this is the first study to characterize aberrant topological patterns in mTLE subjects using 18 F-FDG-PET brain metabolic covariant networks with a combined strategy of WMPA, h-MCN, w-MCN, and EBCA. This technique offers a promising tool to efficiently reveal fundamental or higher order network mechanisms of mTLE.
We also revealed an aberrant metabolic topological pattern, which was characterized by damaging effects in the ipsilateral intranetwork resulting in a reduced metrics and by compensatory effects in the contralateral intranetwork resulting in increased network properties. Moreover, the reduced interhemispheric connections and/or disconnections in mTLE were also highlighted in the present study.
Taken together, the 18 F-FDG-PET brain metabolic covariant network analysis performed here provides novel support to the theory that mTLE is indeed a neurological disorder characterized by disrupted metabolic networks.
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